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The effect of surface functionalities on the supercapacitors performances has been highlighted often in
many works. However, studies devoted to the inﬂuence of carbon defects did not gain particular
attention due to the difﬁculty to quantify such parameter. In this context, carbon nano-onions were used
as model material in order to understand the inﬂuence of the surface chemistry (nature and amount of
oxygen groups) and structural defects (active surface area, ASA) on the capacitance. Different types of
thermal treatments in oxidizing or reducing atmospheres allowed to ﬁnely tune the surface chemistry
and the ASA as demonstrated by temperature programmed desorption coupled with mass spectrometry
(TPD-MS). For the ﬁrst time, the presice control of these characteristics independently one of each other
allowed to highlight an important inﬂuence of the carbon defects on the capacitance in organic and
aqueous electrolytes which outbalance the oxygen functional group effect.
1. Introduction
During the past years, important scientiﬁc and industrial de-
velopments have led to an extensive development of super-
capacitors as electrochemical energy storage devices.
Supercapacitors are environmentally friendly, of high safety and
can be operated in a wide temperature range with a near-inﬁnite
long cycling life [1]. They exhibit high power density, which ex-
plains their utilization inmany applications requiring energy pulses
during short periods of time (automobiles, tramways, buses, wind
turbines etc) [2]. Depending on the charge storagemechanism, two
types of supercapacitors can be deﬁned [3]: EDLC (electrical double
layer capacitors) and redox-based electrochemical capacitors
[4e7]. In the ﬁrst one, the charge is stored by reversible electro-
static adsorption of ions at high surface area electrode/electrolyte
interface [8] while in redox-based electrochemical capacitors the
storage is achieved through faradic processes [9]. In a ﬁrst
approach, energy density in EDLC is proportional to the electrode
accessible surface area and therefore the electrode materials with
large porous volume and high surface area are required [1]. Owing
to their low cost, chemical stability and sustainable origin from
natural/abundant sources, carbon materials are the most popular
materials employed as electrodes for supercapacitor [3,5,10,11].
Since 2005, several studies have shown that not only the surface
area but also the carbon pore size distribution (PSD) and the elec-
trolyte ions size play an important role in carbon capacitance
[3,12e21]. It was shown that the capacitance increases when the
micropore size distribution approaches the bare electrolyte ions
size [12,18]. In some cases, limitation of capacitance was observed
due to the saturation of the carbon pores with ions or due to steric
(volumetric) effects [19]. Aside, the presence of mesopores facili-
tates the transport of electrolyte ions, acting as electrolyte reser-
voir, thereby increasing the access of the electrolyte to the
microporosity [22e24]. Therefore, the relationship between the
textural properties of porous carbons and the capacitance are well
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described in the literature for all sorts of electrolytes (aqueous,
organic and ionic liquids) [18,25].
Another important parameter known to inﬂuence the capaci-
tance is the surface chemistry [26]. The presence of oxygen, sulfur,
phosphorus and nitrogen based functional groups [27e29] in the
carbon structure/surface leads to improvement of the capacitance
through redox reactions with the electrolyte by so-called pseudo-
capacitance mechanisms [4,7,30,31]. The presence of oxygen
functionalities allows increasing the speciﬁc capacitance in
aqueous electrolytes [28,29] while it might be detrimental in
organic electrolytes, where irreversible redox reactions may take
place between the electrolyte and oxygen groups [4,26]. The
capacitance is inﬂuenced by the nature of oxygen groups (carbox-
ylic, phenols, ethers …) but also by their amount. Oxidation by
thermal treatment under air or by chemical treatments with spe-
ciﬁc agents (H2O2, HNO3) led to the increase of the quantity of
surface oxygen groups, while heating under inert atmosphere (Ar,
H2) is efﬁcient to selectively remove some of these groups. While
the nature of oxygen groups may be assessed by several methods,
including X-ray photoelectron spectroscopy (XPS), Fourier trans-
form infrared spectroscopy (FTIR), titration and temperature-
programmed desorption coupled with mass spectrometry (TPD-
MS) [32e35], the quantiﬁcation of functional groups in whole
carbon material can be accurately determined only by TPD-MS.
Although the effect of surface functionalities groups on capaci-
tance have been many times addressed in the literature and
reviewed recently [10], works devoted to further understanding of
the effect of carbon defects are scarce. Carbon defects such as
dislocation, stacking faults or atom vacancies are mainly located in
the edge planes of carbon and constitute the so-called active sites
or active surface area (ASA) [36,37]. The ASA is an intrinsic struc-
tural characteristic of graphitic carbon materials which can be
quantiﬁed by oxygen chemisorptions at 300 !C followed by TPD-MS
to quantify the formed CO and CO2 groups, as described in detail
elsewhere [38]. We have previously shown that the ASA is a key
parameter that inﬂuences the irreversible capacity of graphitic and
hard carbon in lithium and Na ion batteries, respectively [38e40].
However, the inﬂuence of the presence of active sites on the elec-
trochemical performances of carbon materials in organic- and
aqueous-based supercapacitors has not been yet reported to the
best of our knowledge.
In this work, carbon nano-onions (CNOs) were selected as
model electrode materials due to their high electrical conductivity,
short time charging and high power density [11,41e43]. CNOs
exhibit moderate speciﬁc surface area (200e600 m2 g"1) [11,43,44]
compared to that of activated carbons, but their surface is fully
accessible to ion adsorption due to the absence of a porous network
inside the particles. In addition, they have a hydrophobic character
leading to limited capacitance (25e50 F g"1) [43,44].
Therefore, due to their hydrophobic nature and their non-
porous texture, they were selected in this work as model material
in order to understand the inﬂuence of surface chemistry and
presence of defects on their electrochemical performance in
aqueous and organic electrolytes. Several thermal treatments
allowed to independently modifying their structure and surface
chemistry/defects while keeping similar their porous texture.
This systematic study highlighted a Langmuir correlation be-
tween the capacitance and the desorbed quantity of oxygenated
groups (DQ) while a linear relationship between the capacitance
and ASAwas found in organic and aqueous electrolyte. The effect in
aqueous electrolytes was more pronounced, and high capacitance
of ~95 F/g could be reached for some speciﬁc treatments. Never-
theless, a predominant effect of the carbon defects (ASA) on the
capacitance is evidenced which outbalance the functional group
effect.
2. Experimental section
2.1. CNOs synthesis and modiﬁcation
Ultra-pure nanodiamonds particles (ADAMAS Nanotechnologies
Inc.) with nanodiamonds content #98% were used as received
without any further puriﬁcation. Polytetraﬂuoroethylene (PTFE)
binder was purchased from Aldrich, with 60wt% suspension in
water. Tetraethylammonium tetraﬂuoroborate (NEt4BF4) (Acros
Organics) was dissolved in acetonitrile (ACN) (Acros Organics,
H2O < 10 ppm) to prepare 1.5 M NEt4BF4 in AN electrolyte. Sulfuric
acid (H2SO4, Aldrich) was diluted in deionized water, which was
further puriﬁed with a milli-Q system (Millipore), to prepare 0.1 M
H2SO4 aqueous electrolyte.
A standard procedure was used to synthesis CNOs from ultra-
high pure nanodiamonds (Nds) particles [44e46]. Typically, Nds
were heated during one hour under Ar at 1350 !C or vacuum at
1700 !C, respectively. The resulting materials are denoted C1350
and C1700. The surface chemistry and the quantity of defects of the
as-prepared CNOs materials were modiﬁed by thermal treatment
under air for 1 h and 2 h respectively, at 470 !C for C1350 and 580 !C
for C1700. The resulting modiﬁed CNOs are noted as C1350-Tair,
C1350-2Tair and C1700-Tair, C1700-2Tair, respectively. Further
thermal annealing under hydrogen at 900 !C for 1 h was performed
on C1350-Tair and C1700-Tair to remove their oxygen surface
groups content and the derived materials were labeled as C1350-
Tair-H2 and C1700-Tair-H2. A ﬂowchart (Fig. 1) schematically
shows the preparation process of the samples.
2.2. Structural and textural characterization
Thermogravimetric analysis (TGA) measurements were per-
formed with a METTLER TOLEDO TGA851 device under air
(100 mL min"1) using a heating rate of 10 !C min"1 in the tem-
perature range of 25e700 !C.
The carbon structure was observed by transmission electron
microscopy (TEM, JEOL ARM200F instrument) operating at 200 kV.
X-Ray powder diffraction (XRD) data were collected with a Philips
X’Pert MPD diffractometer with a Cu Ka1,2 doublet and a ﬂat-plate
BraggeBrentano thetaetheta geometry. N2 adsorption analysis
was performed with a Micromeritics ASAP 2420 instrument using
N2 as adsorbate at "196
!C. Prior to the analysis, the samples were
out-gassed overnight under vacuum at 150 !C. BET (Bru-
nauereEmmetteTeller) speciﬁc surface area (SSA) was calculated
from the linear plot in the relative pressure range of 0.05e0.3. The
pore size distribution was determined using a DFT model.
Qualitative and quantitative measurements of oxygen surface
groups content was done by temperature programmed desorption
coupled with mass spectrometry as described in details elsewhere
[38,47]. Brieﬂy, in a typical measurement, the CNOs are placed in a
quartz tube and heated under vacuum up to 950 !C with a rate of
2 !C min"1. The gases evolved during this step were quantitatively
detected by a mass spectrometer. The total amount of each gas
released was computed by time integration of the TPD curves.
After this treatment at 950 !C for 30 min under high vacuum
(10"4 Pa), the CNOs surface is considered cleaned and ready to the
second step where the active surface area is determined as
described in the literature [38]. In summary, the CNOs are exposed
to oxygen atmosphere at 300 !C during 10 h allowing surface ox-
ygen complexes to be formed. Further thermal treatment up to
950 !C was used to decompose oxygenated groups in CO and CO2,
which were quantiﬁed by TPD-MS. Considering the number of
moles of desorbed gases and the area of an edge carbon site that
chemisorbs an oxygen atom (0.083 nm2) [38,47], the active surface
area, ASA (surface area occupied by the chemisorbed oxygen) can
be determined.
2.3. Electrochemical characterizations
The CNOs were tested using Swagelok cells in a 2-electrode
conﬁguration, by cyclic voltammetry using a multichannel VMP3
potentiostat/galvanostat (Biologic, France). Electrodes were pre-
pared by mixing 95% of CNOs with 5% of polytetraﬂuoroethylene
(PTFE) binder in the presence of ethanol. Electrochemical capaci-
tors were built using two carbon electrodes (8 mm diameter) with
comparable mass (~7 mg) and thickness (200 mm) [48] and elec-
trically isolated by a 50 mm-thick porous cellulose as separator disk.
The counter electrode was a platinum disk. 0.1 M H2SO4 as aqueous
electrolyte and 1.5 M NEt4BF4/ACN organic electrolyte were used.
Cyclic voltammetry was performed in a voltage window between
0 and 0.9 V for aqueous electrolytes and between 0 and 2.5 V for the
organic electrolytes at scan rates of 20 mV s"1.
3. Results and discussion
Fig. 2a shows the X-ray diffraction (XRD) patterns of the as
received Nds and CNOs obtained at the different annealing tem-
peratures, i.e., 1350 !C and 1700 !C, respectively.
The XRD pattern of Nds shows an intense peak around 44! (2q)
speciﬁc to the (111) interlayer distance, characteristic to sp3-
bonded carbon with a cubic structural phase (PDF 00-006-0675).
For the C1700 sample, an intense peak at around 26! (2q), charac-
teristic to the (002) interlayer distance, conﬁrms the hexagonal
structural phase (sp2-bonded carbon, PDF 00-041-1487). However,
for the C1350 sample a mix of peaks corresponding to both sp3 and
sp2-bonded carbons is observed. The area ratio between the sp3
(111) and sp2 (002) peaks decreases from 0.56 to 0.18 when heating
from 1350 !C to 1700 !C. The air oxidation of C1350 (C1350-2Tair)
also results in the decrease of the (111)/(002) area peak ratio, from
0.56 for C1350 down to 0.51 for C1350-2Tair (see Fig. S2, Supporting
Information). This is explained by the removal of some sp3 amor-
phous carbon existing between the particles.
More insights about the structure of Nds and the CNOs were
obtained by high-resolution TEM (Fig. 2 aec). Nds particles present
irregular shapes with a crystalline structure (Fig. 2a). When treated
at 1350 !C, the morphology changes (Fig. 2b) and the particles
become more spherical. We notice that a fraction of particles
exhibit a graphitic concentric structure while another part shows a
core of un-reacted nanodiamond and a shell of graphitic structure.
The ratio between the core and the shell varies with the size of the
particles, i.e., smaller the particles the higher the amount of
graphitic shell. This suggests a graphitization process starting from
the outer part of the particles. The oxidation process tends to ho-
mogenize the particle morphology due to the removal of amor-
phous carbon necks between the particles; this is particularly
visible with the C1350 (see Fig. S2-Supporting Information). For
higher annealing temperatures, concentric stacked layers (4e8
shells) of (002) graphitic planes are observed (Fig. 2c), thus con-
ﬁrming the formation of the onion-like structure [44]. The trans-
formation from diamond into graphitic structure is mainly induced
by temperature although the annealing atmosphere (Ar for 1350 !C
and vaccum for 1700 !C) may have an inﬂuence on the particle
morphology/structure [49]. In addition, the transformation of Nds
in CNOs is accompanied by an increase of the particle size for ~6 nm
for Nds to ~10 nm for C1700, respectively. This is mainly due to the
(002) graphitic space layer (~0.34 nm) which is higher than the
distance of CeC bond of diamond (0.154 nm).
The surface chemistry and active site amounts of the as-
prepared CNOs materials were modiﬁed by thermal treatment
under air to obtain C1350-Tair and C1700-Tair samples. The two
oxidizing temperatures (470! and 580 !C) were selected on the
basis of TGA experiments. The sample weight loss proﬁles are given
in Fig. S1 (Supporting Informations). The C1350 starts to oxidize at
around 450 !C while the onset oxidation temperature of the C1700
was 550 !C. This is related to the different graphitization level as
shown by XRD analysis (Fig. 2): the higher the graphitization level
(C1700) the lower the reactivity towards oxygen and the higher the
oxidation temperature. Because of the reactivity difference in air
between the twomaterials, the same oxidation temperature cannot
be used; therefore, a burn-off percentage of ~15% was ﬁxed for both
carbons to ensure efﬁcient oxidation treatment but to avoid
excessive mass loss during the oxidation.
The textural properties of the as prepared materials and modi-
ﬁed ones were determined by nitrogen adsorption/desorption
isotherms (Fig. 3). All materials exhibit isotherms with similar
shapes and can be classiﬁed as type II with a H3 hysteresis loop,
characteristic to non-porous materials.
The speciﬁc surface area of Nds is 283 m2 g"1 and slightly in-
creases up to 294 m2 g"1 when treated at 1350 !C. For higher
temperatures (1700 !C) the SSA greatly increases up to 437 m2 g"1
(see Table 1), in good agreement with other works [50]. The ther-
mal treatment under air induces a signiﬁcant increase of the SSA of
the C1350 material (from 294 to 403 m2 g"1), while only a slight
increase is noticed for the C1700 sample (from 437 to 501 m2 g"1).
The increase of the surface area by oxidation is associated with the
Fig. 1. Flowchart that regroups the different synthesis of CNOs under different thermal treatments. (A color version of this ﬁgure can be viewed online.)
removal of the inter-particle bottlenecks amorphous carbon and a
part of the outer shell of CNOs. For both C1350 and C1700, only a
slight modiﬁcation of SSA by hydrogen thermal treatment was
observed (Table 1).
The pore size distribution (Fig. 3b) shows, for all materials, a
pore size in the micropore region (~1 nm) and mesopores of about
10 nm, corresponding to the interparticles and inter-cluster spaces
between the CNOs. However, the assignment of the pore size dis-
tribution to different “spaces” in the CNOs is much complex as
highlighted recently elsewhere [51].
The surface chemistry and defects modiﬁcations induced by the
air and hydrogen treatments were monitored by temperature
programmed desorption coupled with mass-spectrometry. The
material is heated under vacuum and the oxygenated groups pre-
sent on the carbon surface are removed with the formation of CO
and CO2 gases. The release temperature of gases gives indication of
their chemical nature [32]. Fig. 4a and b shows the CO2 and CO
desorption proﬁles of C1350 and C1700 and their corresponding
modiﬁed materials after subsequent thermal oxidation under air
and oxidation under air followed by hydrogen treatment.
Generally, CO2 desorption occurs in the 150e700
!C tempera-
ture range, while CO desorbs at higher temperature between 320
and 950 !C (in-set Fig. 4a). The pristine CNOs i.e., C1350 and C1700
show low CO and CO2 signals (Fig. 4a and b) suggesting a hydro-
phobic surface, with a low content in oxygenated groups. When
treated under air, an intense CO desorption peak is observed in the
high temperature range, i.e., 400e950 !C and 500e950 !C, for the
C1350 and C1700 samples, respectively. This indicates the presence
of basic oxygenated groups such as anhydrides, ethers, phenols or
quinones [38,52e54].
It can be noticed as well that a small fraction of additional
oxygenated groups could be formed on C1350 between 400 and
500 !C, which is related to the lower oxidation temperature
(470 !C) compared to C1700 (580 !C). This can be well seen on the
desorption peaks showing higher intensity for materials oxidized at
1350 !C.
In addition to CO desorption, CO2 gas evolution is observed
within the 400e600 !C temperature range mainly on the C1350
materials, suggesting the formation of acidic oxygenated groups
such as anhydrides [38,52e54]. The intensity of the CO2 peaks is
signiﬁcantly much lower than those of CO, showing that basic
groups are predominantly formed on the materials by thermal
oxidation. The hydrogenation treatment performed on these
oxidized materials allows to remove the functional groups as
shown by the low intensity CO and CO2 proﬁles.
By integration of TPD-MS desorption curves, the amounts of
desorbed CO and CO2 groups can be determined as can be seen in
Fig. 4c and Table 1. The calculated amounts well agree with the
intensity of desorption proﬁles. The pristine materials C1350 and
C1700 desorb very low quantities of COx, (<0.1 mmol/g), while the
oxidation greatly improves the functionalization of the CNOs
(C1300-Tair, C1300-2Tair, C1700-Tair, C1700-2Tair), with desorbed
surface groups contents ranging from 1.4 to 4.0 mmol/g. We note
that the COx amounts desorbed increase for longer oxidation times
and for the C1350 family materials which are more reactive. The
hydrogen treatment allows to remove most of the groups (C1350-
Tair-H2, C1700-Tair-H2); the desorbed quantities are low (from
0.1 to 0.3 mmol/g) but slightly higher that of the pristine carbons
(C1300, C1700).
After cleaning the CNOs surface by a treatment at 950 !C under
vacuum (TPD) the surface defects concentration e active surface
area is measured by chemisorption of oxygen at 300 !C overnight,
followed by a TPD-MS analysis. The ASA values are shown in Fig. 4d
and are also listed in Table 1.
Thewell graphitized C1700 sample contains only small amounts
of surface functional groups and is also poor in defects with the
lowest value of the ASA. This sample can therefore be considered as
a reference sample, having no surface chemistry and structural
defects. After oxidation under air, oxygenated groups were created
on the C1700 carbon surface as can be seen from the TPD-MS
Fig. 2. XRD patterns (left) and HRTEM pictures (right) of a) nanodiamonds b) C1350 and c) C1700. (A color version of this ﬁgure can be viewed online.)
analysis (1.4 mmol g"1). This step also led to the formation of de-
fects (ASA ¼ 22 m2 g"1). Although further annealing under H2 of
this material allows removing most functional groups
(0.2 mmol g"1), very interestingly, the ASA is kept high (17 m2 g"1).
Considering the error of an ASA measurement (maximum 10%)
these values can be considered similar. This result suggests a
location of the functional groups in the defect sites; if not, the
removal of these groups would induce the formation of defects and
therefore an increase in the ASA. Three different CNOs were thus
obtained, with various surface chemistry and active sites: one
sample (C1700) free of oxygenated groups and defects; a second
sample (C1700-Tair) with oxygenated groups and defects and the
third one (C1700-Tair-H2) with low oxygen groups content but
with signiﬁcant amount of defects. For the second series of C1350,
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Fig. 3. (a) Nitrogen adsorption/desorption isotherms and (b) DFT pore size distribution of nanodiamonds, C1350 (left) and C1700 (right) carbons modiﬁed by different treatments.
(A color version of this ﬁgure can be viewed online.)
Table 1
Speciﬁc surface area, amount of oxygen functional groups and active surface area values of CNOs treated under different conditions, and their corresponding capacitance in
organic and aqueous electrolytes.
CNOs SSA m2 g"1 DQ ðCOþCO2Þ mmol g
"1 ASA m2 g"1 ASA/SSA Corg F/g Caq F/g
C1350 294 0.05 5 0.017 26 54
C1350-Tair 403 3 59 0.146 30 94
C1350-Tair-H2 433 0.3 49 0.113 31 79
C1350-2Tair 466 4 70 0.150 30 82
C1700 437 0.0 2 0.004 21 22
C1700-Tair 501 1.4 22 0.039 32 55
C1700-Tair-H2 466 0.1 17 0.037 30 41
C1700-2Tair 516 1.9 34 0.066 32 60
the same trend was observed but the experimental value shows
that the amount of oxygenated groups and defects is three times
higher than that of the C1700 series. Since the SSA area changes
with these treatments, the ASA/SSA ratio was determined and we
notice the same trend between the materials (Table 1).
These materials with distinct surface chemistry and defects
contents will be used to understand the electrochemical perfor-
mances of supercapacitors operating with different electrolytes.
The electrochemical performances of CNOs sample were
determined in Swagelok cells in two-electrode conﬁguration, in
organic and aqueous electrolytes. Cyclic voltammograms at
20 mV s"1 in 1.5 M NEt4BF4/ACN and 0.1 M H2SO4 are shown in
Fig. 5a and b, respectively. All CVs exhibit a rectangular shape,
which is characteristic of a capacitive behavior [24,44,55]. The
peaks at 0.4 V and 0.8 V in aqueous electrolyte for CNOs1350 are
associated with the pseudocapacitive contributions of surface
functional groups [56e58].
The resulting gravimetric capacitance for all CNOs in both
electrolytes as a function of desorbed CO and CO2 quantities (DQ)
are shown in Fig. 6. As a general trend, the capacitance increases
with the amount of DQ for both CNOs series (Fig. 6 a and b). Since
the amount of DQ is three times greater for the C1350 series than
that of the 1700 series, therefore the capacitance is also three times
higher. The maximum capacitance approaches 100 F/g, which is
higher than those reported before for such materials [4,7,26,30,31].
Aside, the increase in the capacitance is much pronounced in
aqueous electrolyte than in organic electrolytes. This suggests more
speciﬁc interactions between the oxygenated groups and the
aqueous electrolyte, in agreement with the existence of pseudo-
capacitive mechanism [59,60] in addition to the electric double
layer capacitive behavior [56].
As pointed out by Macdonald et al. [61], interactions between
adsorbed species depends on the Helmholtz free energy and the
chemical potential. In other words, the capacitance associated with
the adsorption is now assimilated to a new capacitance expressed
as a “Langmuir” capacitance [61].
CðqÞ ¼ q$
!
ziF
RT
"
$
qð1" qÞ
1þ rqð1" qÞ
(1)
where C is the capacitance, q is the number of sites of the surface
which are covered with gaseous molecules ((1 e q) being the
fraction of surface which is free from gas molecules), q is the charge
corresponding to one monolayer, zi is the charge of the ion and F is
the faraday, r is the average pore radius. This is agreement with the
trend curves represented in Fig. 6. All trend curves follow the
Langmuir expression that we’ve cited before and their equation is
assimilated to
Fig. 4. TPD-MS desorption curves of a) CO2 and b) CO along with the types of oxygen functional groups related to the CO and CO2 desorption’s proﬁle c) Desorbed quantities of
oxygen functional groups d) Active Surface Area of CNOs. (A color version of this ﬁgure can be viewed online.)
y ¼
a$x
ð1þ b$xÞ
(2)
With the values of a and b are reported in Table 2.
This correlation is obtained for materials with similar charac-
teristics in terms of SSA and surface chemistry (similar type of basic
oxygen groups). However, by changing the process, different types/
amounts of oxygen groups can be introduced onto the carbon
sample surface (see Table S1 and Fig. S3) leading to an absence of
any clear correlation between the capacitance in organic/aqueous
electrolytes and the quantity of oxygen groups (see Fig. S4). This
suggests the importance of the nature of the oxygen groups on the
capacitance. Additional studies are needed to fully understand the
inﬂuence functional groups nature on the capacitance response.
An important concern deals with the role of the defects (ASA) on
the capacitance in both aqueous and organic electrolytes. Such
effect has not been studied in detail before. Fig. 7 shows the cor-
relation between the capacitance and the ASA/SSA ratio, in aqueous
and organic electrolytes. We notice that in aqueous and organic
electrolytes, the capacitance for both CNO series (1350 and 1700)
increases linearly with the increase of the ratio ASA/SSA. Similarly
to the effect of DQ, the effect of ASA is greater for C1350 series and
in aqueous electrolytes.
However, both the ASA and the surface functional groups (sur-
face chemistry) changes for all the samples (see Table 1). To
discriminate the inﬂuence of the presence of surface groups or the
ASA on the capacitance, three samples have been prepared: C1700,
C1700-Tair and C1700-Tair-H2. The results of the electrochemical
tests are shown in Fig. 8.
C1700 and C1700-Tair-H2 samples exhibit similar low quantities
of oxygenated groups (<0.1 mmol/g, Table 1) but very different ASA
(1.3 and 17 m2 g"1 for C1700 and C1700-Tair-H2, respectively). The
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Fig. 5. Cyclic voltammetry curves of CNOs materials modiﬁed by different treatments at scan rate 20 mV s"1 using Swagelok assembling (2-electrodes) (a) in organic electrolyte
(1.5 M NEt4BF4/AN) and (b)in aqueous electrolyte (0.1 M H2SO4). (A color version of this ﬁgure can be viewed online.)
capacitance in aqueous electrolyte for the C1700 sample was
measured at 22 F/g vs. 41 F/g for C1700Tair-H2. Hence, since C1700
has low surface chemistry content and ASA, the capacitance (22 F/
g) mainly arises from the porosity (surface area). Differently, for the
C1700-Tair-H2 sample with high ASA and low surface group con-
tent, the approx. 2-fold increase in capacitance (41 F/g) can be
associated with the ASA increase. This clearly shows a major
contribution of ASA to capacitance compared to functional groups.
C1700-Tair and C1700-Tair-H2 show similar high ASA values (22
and 17 m2 g"1 for C1700-Tair and C1700-Tair-H2, respectively) but
different quantities of oxygenated groups (1.4 mmol/g and
0.1 mmol/g for C1700-Tair and C1700-Tair-H2, respectively). The
capacitance was measured at 60 and 40 F/g for C1700-Tair and
C1700-Tair-H2, respectively. This suggests that the contribution of
functional groups to the total capacitance in the C1700-Tair mate-
rial is about 20 F/g, while the other 40 F/g comes from the porosity
0 2 4
20
40
60
80
100
C1700C1350
)
g/
F(
e
c
n
ati
c
a
p
a
C
cirt
e
mi
v
ar
G
DQ 
CO+CO
 (mmol/g)
 Aqueous
 Organic
0 1 2
20
40
60
80
100
G
ra
v
im
e
tr
ic
 C
a
p
a
c
it
a
n
c
e
 (
F
/g
)
DQ 
CO+CO
 (mmol/g)
 Aqueous
 Organic
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Table 2
Different values of a and b used in the expression of “Langmuir” capacitance to
calculate the trend curves of the C1350 and 1700 carbon series in aqueous elec-
trolyte (0.1 M H2SO4) and organic electrolyte (1.5 M NEt4BF4/AN).
Samples a b
C1350 series_Organic Elec. 3813 125
C1350 series_Aqueous Elec. 2715 31
C1700 series_Organic Elec. 2239 69
C1700 series_Aqueous Elec. 1134 19
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Fig. 7. The correlation between the capacitance and the ratio ASA/SSA in organic electrolytes (NEt4BF4/ACN) and aqueous electrolytes (H2SO4) for (a) C1350 and (b) C1700 carbons.
(A color version of this ﬁgure can be viewed online.)
and ASA. These results clearly show the important role of ASA in the
capacitance improvement.
Similar behavior was seen for C1350, but higher capacitance
values were obtained (95 F/g for C1350-Tair). To explain the
improvement of the capacitance only by the presence of defects, we
must consider that carbon atoms at the prismatic surface are more
reactive than the basal plane atoms since they have an unpaired
electron available to form bonds with oxygen [38]. In the case of
graphitized carbon, the ASA represents essentially the reactivity of
carbon edge planes. This means that the CNOs defects could
interact with the aqueous electrolytes throughout oxygen bonds,
allowing the improvement of interactions with the electrolyte and
in consequence the capacitance behavior.
4. Conclusions
CNOs materials were synthesized from high-purity nano-
diamonds and they underwent different types of thermal treat-
ments in reducing or oxidizing atmosphere in order to modify their
surface chemistry and their defects content (active sites). The
proposed treatments allowed to ﬁnely tune the surface chemistry
while keeping unchanged the amount of defects or inversely. For
the ﬁrst time, the precise control of these characteristics allowed
highlighting a predominant inﬂuence of the carbon defects on the
capacitance in organic and aqueous electrolytes which counter-
balance the functional group effect. Hence, the functional groups
have less inﬂuence on capacitance than usually stated and they
inﬂuence more the CNOs performances in aqueous medium than
organic one. These results bring new insights on the important
characteristics of carbon to be improved in order to design new
electrodes with high capacitance and energy density for super-
capacitor applications. The extrapolation of these ﬁndings to
commercially used activated carbon electrodes is of prime impor-
tance and will be discussed in our future works.
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